We present particle-in-cell simulations of capacitively-coupled CF 4 RF discharges. For establishing the discharge plasma high frequency sources of either 13.56 or 100 MHz are used, while a low frequency 0.7 -1.0 MHz source is applied for biasing. The simulation results demonstrate that an efficient decoupling between the plasma and the biasing sources can be achieved by optimizing the choice of frequencies. The decoupling is observed by a small effect of varying of the biasing voltages of the RF sources on properties of the bulk of the plasma and the flux of the CF 3 þ ions hitting the electrodes, while the mean energy of ions increases with the biasing voltage. The 100 MHz/1 MHz case allows setting of these ion properties in an especially wide range. For high values of the low-(biasing) frequency RF voltage a small flux of energetic negative ions is also observed at the electrodes.
Introduction
Radio-frequency capacitively coupled plasma (CCP) sources have been widely used in dry etching applications, which are one of the key elements of modern integrated circuit fabrication. In particular CCPs are applied for etching of the dielectrics, where high ion energies are required and consequently high bias voltages have to be applied. The continuous shrinking of device dimensions requires further optimization of plasma sources. 1) Discharges in carbon tetrafluoride (CF 4 ) and its mixtures with other gases-being of primary importance in the etching of silicon and silicon-dioxide-have been investigated thoroughly both experimentally [2] [3] [4] [5] [6] and via simulations. [7] [8] [9] Calculations have been made even using complex codes that integrate plasma processing from atomic physics through plasma to processes in the silicon wafer and its structures. 10, 11) During the last couple of years dual-frequency sourceswhich allow an independent control of plasma maintenance and ion properties-came into the focus of interest. [12] [13] [14] Such plasma sources employ two power supplies with different RF frequencies, one to produce the plasma and the other to extract and accelerate the ions. Properties of capacitively coupled radio-frequency (CCRF) discharges driven by two frequencies have been explored through different approaches, by developing analytical, as well as computational models. 5, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In most practical applications CF 4 is diluted with different gases, e.g., Ar and N 2 . While reactors operated in such gas mixtures have already been studied via simulations (most recently in a series of papers by Georgieva et al. [17] [18] [19] 26, 27) ), understanding the details of the discharge properties even in pure CF 4 , under dualfrequency excitation, requires additional work and is the topic of our studies presented here. Section 2 of the paper describes the simulation model, while in §3 the results obtained for single-and dual-frequency sources are presented and discussed. Section 4 gives a short summary of the work.
Simulation Model
RF CF 4 discharges formed in a symmetrical reactor are described here by a one-dimensional (1d3v) bounded plasma particle-in-cell model, complemented with Monte Carlo treatment of collision processes (PIC/MCC). The electrodes are assumed to be plane and parallel, and separated by a distance of L ¼ 2:5 cm. In our implementation of the PIC simulation method one of the electrodes is driven by a voltage
while the other electrode is grounded. The frequency of the high frequency source, f HF , is chosen to be either 13.56 or 100 MHz, while for the low frequency, f LF , 0.7 -1.0 MHz is used (the high and low frequencies are always chosen to be integer multiples of each other). V HF and V LF are the amplitudes of these driving voltages, respectively. The phases of the two driving signals are fixed in our studies to ¼ 0, the effects of the phase difference between the two driving signals have been discussed by Guan et al. 28) Four types of charged species, CF 3 þ , CF 3 À , F À ions, and electrons, which have been found by earlier studies to be the dominant species under the conditions studied here, 8, 17) are taken into account in the model. Additional electron-impact collision processes (see Table I ) resulting in the formation of other types of charged species are assumed only to influence the electron kinetics, but their products are not taken into account. The cross sections of electron-CF 4 collision processes are taken from Kurihara et al. 29) with the exception of electron attachment processes (producing CF 3 À and F À ions), for which data are taken from Bonham.
30)
The ion-molecule reactions in CF 4 may proceed via numerous channels and there is a large number of reaction processes, which one could take into account in a simulation. 8, 19) Here we consider a set of collision processes including reactive, as well as elastic collisions of the different ions with CF 4 molecules-these processes are listed in Table II . The treatment of ion-neutral collision processes is based on previous work. 26, 31, 32) Ion-ion and electron-ion recombination processes, playing an important role in the charged particle balance 17, 19) are also taken into account in the model and are listed in Table III . The rate coefficients for the ion-ion recombination processes are taken from Rauf and Kushner, 5) while the rate of electron-CF 3 þ recombination process is from Denpoh and Nanbu. 9) Neither the heating of the background gas, nor the emission of secondary electrons from the electrodes is considered in the simulation. In order to accelerate the calculations we apply ion-subcycling in our PIC code.
Results and Discussion
First we briefly review the general properties of CF 4 discharges excited by a single RF frequency and, subsequently, present the simulation results for the case of dualfrequency excitation.
Single frequency CF 4 discharges
Calculation results for the time-averaged densities of the charged species in single frequency RF discharges are displayed in Fig. 1 . The discharge conditions for Fig. 1 
The discharges are strongly electronegative for both sets of conditions, as indicated by the dominance of F À ions over the electrons. The negative ions are confined inside the central plasma region, their densities decay rapidly in the electrode sheaths, which mainly contain CF 3 þ ions and electrons. Negative ions are primarily lost by recombination processes inside the plasma region.
The instantaneous plasma potential in the center of the discharge is plotted in Fig. 2 (a) for f ¼ 100 MHz, p ¼ 30 mTorr, V ¼ 100 V. V PLASMA ðtÞ fluctuates with a peak-topeak amplitude close to that of the driving RF voltage, around the average potential of % V=2 þ 10V. The energy of CF 3 þ ions reaching the electrodes is basically determined by (i) the sheath voltage, and (ii) the relation between the ion transit time ion and the period of the driving frequency. In the very high frequency (VHF) case of f ¼ 100 MHz the ions traverse the sheath during a time corresponding to several RF cycles, thus their motion is influenced only by the average sheath potential. At low pressure (e.g., p ¼ Projectile 30 mTorr) collisions in the sheath do not influence the motion of ions to a considerable extent, thus the energy distribution is highly peaked at the energy corresponding to the temporal average of the sheath potential (% 60 eV), see Fig. 2(b) . At higher pressures, the effect of collisions in the sheath gives rise to a tail of the distribution towards lower energies. 26) This effect can be seen very well, already at 50 mTorr as shown in Fig. 2(b) . It becomes more pronounced at an even higher pressure of 200 mTorr [also plotted in Fig. 2(b) ].
Dual frequency CF 4 discharges
The application of an additional low frequency voltage changes the discharge properties considerably. Figure 3(a) shows the instantaneous plasma potential in the discharge as a function of time, for the conditions f HF ¼ 100 MHz,
As compared to the single frequency case plotted in Fig. 2(a) , which corresponds to V LF ¼ 0 V, the plasma potential shows a large variation in time as forced by the low frequency voltage.
While for f ¼ 100 MHz the ions experience the average potential distribution in the sheath, they are able to feel the temporal variation of the additional field fluctuating at a frequency of 1 MHz. Thus the energy of CF 3 þ ions reaching the electrodes is strongly correlated with the instantaneous value of the low-frequency voltage. This effect is illustrated in Fig. 3(b) where the energy of individual CF 3 þ ions upon their arrival at the powered electrode is displayed over one low-frequency (LF) cycle. It is to be noted that the ions are nearly monoenergetic at any instant of time of the LF cycle. The flux of CF 3 þ ions to the powered electrode is significant over the whole low-frequency cycle, and peaks nearly after the negative maximum of the low-frequency voltage, as it can be seen in Fig. 3(c) .
The time-averaged distribution of the ion energy also reflects the spread shown in Fig. 3(b). Figures 4(a) and 4(b) show the effect of V LF on these distributions in 13.56 and 100 MHz discharges, respectively, both operated at fixed values of V HF . Both cases demonstrate that the energy distribution can be controlled to a considerable extent by V LF . In the 13.56 MHz case, driven by V HF ¼ 500 V, the discharge could be operated in the range of low-frequency voltages V LF 300 V, but it got extinguished at higher values of V LF . In the VHF case of f HF ¼ 100 MHz, at a sustaining voltage of 100 V, the increase of low-frequency voltage up to 800 V did not result in the extinction of the discharge. Thus a higher frequency driving voltage seems to be more appropriate for controlling the energy distribution of CF 3 þ ions in a wider range. The spatial average and the peak density of CF 3 þ ions as a function of the low-frequency voltage is plotted in Fig. 5(a) .
We can see that in the f HF ¼ 13:56 MHz case both the average and peak densities remain approximately constant, regardless of the value of V LF . In the f HF ¼ 100 MHz case we find a small decay of these quantities as V LF in increased. The flux of CF 3 þ ions, as well as their average energy is displayed in Fig. 5(b) . Both the f HF ¼ 13:56 MHz and f HF ¼ 100 MHz cases show that the flux of CF 3 þ ions is nearly sustained at a constant level (although there is a small drop 
þ ion flux on the high-frequency voltage V HF for discharge conditions:
in the flux at small values of V LF in the 100 MHz case), when V LF is varied. At the same time, the average energy of CF 3 þ ions increases nearly linearly with the value of the lowfrequency voltage. The density of the plasma and the flux of CF 3 þ ions can easily be set by the maintenance voltage V HF , as demonstrated for the latter in Fig. 5(c) .
It is noted that at high values of V LF a small flux of F À ions appears at the electrodes, in agreement with the recent findings of Georgieva et al.
þ ions is % 1:400. The instantaneous plasma potential and the energy of CF 3 þ ions hitting the powered electrode during a complete low-frequency cycle of excitation, for the discharge conditions given above, is plotted in Figs. 6 (a) and 6(b), respectively. As it can be seen in the latter figure, the flux of F À ions appears in the range 0:45 t=T LF 0:6, i.e., near the negative zero crossing of the low-frequency driving voltage [see also in Fig. 6(c) , showing the temporal profile of the flux of negative ions]. The energy of F À ions is spread over a wide range, up to an energy corresponding to the peak value of the low-frequency RF voltage V LF . At the same discharge conditions there are also a very few CF 3 À ions, which reach the electrodes, their flux is about an order of magnitude lower compared to that of F À ions. The electron distribution function (EDF) in the center of the discharge is plotted in Fig. 7 , for various discharge conditions.
Regardless of the type of single/dual frequency excitation the electric field in the bulk plasma fluctuates considerably and this results in a high average electron energy in that region. The EDF changes from a single temperature Maxwellian at 13.56 MHz (under the present conditions) to a more complex non-equilibrium distribution at 100 MHz, which may be described by using two different temperatures. One should also note that it is possible to normalize the three EDFs at the lower frequency in a very wide range of energies leaving as a major difference only the significant depletion of the low energy electrons. On the other hand, for the higher frequency it is not possible to normalize distribution functions easily so depletion at lower energies is more difficult to quantify. In any case, under those circumstances, the low frequency power supply increases the high energy tail much more. In principle for both frequencies we still see a relatively small influence of the biasing source on the EDF. This is consistent with good functional separation but this should be elucidated further by observing temporal variation of EDF. In any case the behavior of EDF does not reveal why it was difficult to maintain plasma at higher biasing voltages in the 13.56 MHz case.
Conclusions
We have investigated via particle-in-cell simulations the characteristics of carbon tetrafluoride (CF 4 ) discharges excited by single/dual radio frequency sources. It has been found that in the case of dual-frequency excitation at low pressures the flux-energy distribution of CF 3 þ ions hitting the powered electrode can be tuned by the low-frequency voltage, while the high-frequency voltage can be used to set the plasma density and thereby the flux of the ions to the electrode. The 100 MHz/1 MHz excitation allows a higher value of the low-frequency voltage to be applied, this way making it possible to set the ion energies in a wide range. This independent control of the ion flux and ion energy makes dual-frequency RF discharges an attractive plasma source for microelectronics applications. 12) A relatively small flux of energetic F À ions has also been observed at the electrodes at high values of the lowfrequency voltage. 
